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Highlights 
•First application of geometric morphometric (GMM) analysis to investigate weapon 
standardisation of Iron Age weaponry. 
•First statistical investigation of symmetry in iron weaponry. 
•Metric and shape (GMM) analyses provide unequivocal evidence for the standardised 
production of the ‘Havor’ lance head. 
•GMM analysis provides improved results for assessing weapon standardisation, compared to 
traditional metric approaches. 
Abstract 
Traditionally, standardisation of manufacture has been investigated using metrics (e.g. length 
and width) and compared in terms of the coefficient of variation (CV). This paper argues that 
standardisation should not only be investigated via metrics, but also in terms of shape. An Iron 
Age lance head type ('Havor'), known from three main weapon depositions in Southern 
Scandinavia, is used as a case study to test the effectiveness of shape analysis against traditional 
metric analysis for investigating standardisation. Geometric morphometric (GMM) analysis is 
used to measure the overall shape variation and to test shape difference of the same lance type 
coming from three different archaeological sites. The results demonstrate GMM to complement 
the traditional metric approach. Whilst metric measurements offer insights into Havor lance 
standardisation, the results from multivariate analysis of GMM data provides further 
explanation about the source of variation in terms of shape, including an assessment of object 
symmetry. This paper represents the first known methodological application of GMM analysis 
to iron weapons and demonstrates it to be an effective method for studying product 












The aim of this study is to establish whether shape analysis, through geometric morphometrics, 
can provide more information about object standardisation than traditional techniques. The 
paper begins with a short background into the analysis and archaeological study of 
standardisation, highlighting the need to test and explore shape analysis as a new method of 
investigation. It then follows to present the results of a study focused on so-called ‘Havor’ 
lances – Iron Age weapons from Southern Scandinavia. We present firstly a traditional metric 
analysis, which is further developed to include product-moment correlations (pair-wise study 
of variables), in an effort to avoid studying specific features or dimensions in isolation. A GMM 
analysis is then conducted, with the results subsequently compared to the preceding metric 
approach using multivariate methods. 
1.1. Traditional metric analysis: coefficient of variation (CV) 
Eerkens and Bettinger define standardisation as a “relative measure of the degree to which 
artifacts are made to be the same” (2001, p. 493). The study of standardisation in object features 
such as size, shape or composition can be a useful approach to craft production. For example, 
high degrees of standardisation may be taken as indicative of a relatively small number of 
producers, rigid quality control, or high manufacturing skill – among other possibilities. A 
challenge for standardisation studies is that this is a relative parameter: for instance, the 
difficulties in establishing thresholds for determining ‘high’ vs ‘low’ standardisation based on 
the variability of metallurgical slag have been noted (Humphris et al., 2009). In addition, 
comparing degrees of standardisation can be risky when operating at variable scales or with 
different technologies, i.e. objects produced by casting in moulds vs those made by sculpting 
or modelling. 
The coefficient of variation is used increasingly as a dimensionless measure of standardisation, 
as it effectively allows comparisons between datasets with different means, such as the width 
and length of artefacts (cf. Eerkens, 2000; Eerkens and Bettinger, 2001; Eerkens and Lipo, 
2005; Martinón-Torres et al., 2014; Roux, 2003; Stark, 1995, and references therein). The CV 
is calculated and expressed as a percentage: 
Lower CVs correspond with higher standardisation, and vice-versa. When considering manual 
production systems where moulds or measuring aids are not used, limitations in human 
perception provide the lower threshold of variability that can be expected, which in turn denotes 
the highest degree of standardisation. Eerkens (2000; see also Eerkens and Bettinger, 2001; 
Eerkens and Lipo, 2005) has cogently argued that, in practical terms, when we add limitations 
in human skill to those of perception, CV values ≤ 5% may simply be explained by human 
copying error. An upper limit corresponding to near-random and completely non-standardised 
production has been modelled, which is a CV of ≈58% (Eerkens and Bettinger, 2001). The 
range between the two thus provides the scope for varying levels of standardisation. A low CV 
value represents limited variation and thus standardisation of artefact production, where a 
template or standard would have been used to achieve the desired outcome. 
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CV has successfully been applied in previous studies of weaponry to assess standardisation of 
production along with multivariate methods, by measuring and comparing the variability of 
key dimensions and features (Li et al., 2014; Martinón-Torres et al., 2014), even if the weapons 
studied were made of bronze cast in moulds and therefore not comparable to the wrought 
weapons studied here. Whilst this approach, common in previous studies (see references above) 
allows for a relative comparison of certain elements of the form, it does not enable a 
comparison of the overall appearance – the shape. Thus, the study of artefact variability has 
more often been appreciated in terms of variability of specific dimensions and/or features rather 
than overall shape. For example, Li et al. (2014) had to supplement metric dimensions with 
qualitative observations of object shape and microstyle in order to capture a fuller range of 
variability. This mode of analysis, although insightful, is not the only means of comparing 
items within a group, whether they were produced by industrial or pre-industrial methods. 
1.2. Towards GMM analysis: measuring standardisation through shape 
It is proposed here that metric analyses may be more reflective of the industrial era, in which 
precision and accuracy continue to be understood in such terms and considered an a priori 
measurement of standardisation. The previous existence of imperial standards of measurement 
attests to the variability that once existed prior to globalisation and industrialisation; metric 
measures have largely become an institutionalised fact worldwide. The modern process of 
product design and manufacture relies heavily on metric qualities (often cardinal in nature). 
However, in a pre-modern, pre-industrial era, comparison of objects metrically may not be 
wholly appropriate. Can we, or should we, judge standardisation of pre-industrial objects in 
modern terms that come naturally to us? Other means of measuring standardisation should also 
be considered, explored and studied, especially when assessing the appearance of objects 
outside the modern 'industrial' context. It is appropriate, therefore, that weapons from the pre-
modern era are also investigated in terms of their overall appearance, their shape, and not their 
metric dimensions alone. One means of achieving this is by GMM analysis, which performs 
an easier separation between size and shape, allowing for the shape to be investigated 
independently. 
Rather than any given metric characteristic(s), consumers and producers may instead have 
relied upon (or been motivated by) the overall appearance ('shape') as a benchmark standard. 
This does not mean to negate size or width as unimportant; rather, it considers that shape could 
have been the primary function of setting a standard, not the inherent size. 'Shape' is defined as 
“all the geometrical information that remains when location, scale and rotational effects are 
filtered out from an object” (Stegmann and Gomez, 2002, p. 2). 
Investigations of prehistoric and historic weapons of iron and bronze normally utilise metric 
measurements to infer their degree of standardisation (for examples using the Havor lance, see 
Bemmann and Bemmann, 1998a, 1998b, Ilkjær, 1990a, 1990b; Ørsnes, 1988). This paper 
presents the first use of GMM analysis as applied to iron weaponry to investigate 
standardisation in terms of the variation of overall 'shape'. 
GMM analysis has become widely used within archaeological science as a means to 
understanding the variation and relationship between shapes. It has been used extensively 
within zooarchaeology, evolutionary anthropology, archaeobotany and paleoenvironmental 
ecology to investigate taxonomic relationships and species identifications (Bignon et al., 2005; 
Cucchi et al., 2011; Curran, 2012; Evin et al., 2013; Martinón-Torres et al., 2006; Owen et al., 
2014; Ros et al., 2014; Seetah et al., 2014; Terral et al., 2004). It has also been useful in studying 
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ceramic typologies (Wilczek et al., 2014) as well as temporal and technological investigations 
of lithic technologies (Archer and Braun, 2010; de Azevedo et al., 2014; Okumura and Araujo, 
2014), with recent developments towards 3-dimensional GMM analysis (Lycett et al., 2010; 
Lycett and von Cramon-Taubadel, 2013). However, only a few GMM studies exist for metal 
artefacts (Odler, 2016, p. 248; Wilczek et al., 2015). 
Whilst GMM applications have often explored the phylogeny of shapes, looking at their 
development and evolution, the focus in this paper is to explore the consistency of a single 
weapon type found at different contemporaneous archaeological sites. The aim is to empirically 
test its definition as a standardised product, while exploring methodological approaches that 
may be of use in other studies. 
2. Material 
The 'Havor' lance is used here as a case study to illustrate GMM analysis as a useful tool for 
studying standardised weaponry. This lance type, amongst numerous other standardised 
weapon types, is found in several substantial weapon offerings (sometimes referred to as war 
booty sacrifices) known from Southern Scandinavia during the Iron Age. The weapon is more 
accurately defined in English as a spear head, which would be attached to a wooden staff and 
thrown as a javelin. However, the term ‘lance’ (more often used in English to refer to a spear 
used by mounted horseman), is preserved here, as English publications and translations often 
refer to this type of spear as a ‘lance-head’ (cf: Ilkjær, 2000), deriving from the German 
‘Lanzenspitzen’ (cf: Ilkjær, 1990a, 1990b; Ørsnes, 1988) or Danish ‘lansespidser’ (cf: 
Engelhardt, 1865; Petersen, 1995). 
2.1. Archaeological background 
Nearly 30 weapon deposits are known from across Southern Scandinavia, with the major 
weapon deposits often containing hundreds, and in some cases thousands of military items. 
They are thought to represent defeated armies whose weapons were votively deposited 
(sometimes numerous depositions at a single site over a period of time), mostly dating from 
around the early third century CE into the Migration Period (c. 500 CE) (Brønsted, 1960, pp. 
228–233; Hansen, 2007, 2003; Ilkjær and Lønstrup, 1982; Pauli Jensen, 2010, 2009). 
Amongst the weapons, over 120 Havor lances have been found at four of the six major weapon 
offering sites, from broadly contemporaneous deposits: Ejsbøl, Nydam, Illerup and 
Skedemosse (Ilkjær, 1990a, p. 53). This study focuses on the examples available to study 
published from Ejsbøl, Nydam and Illerup, three of the main major weapon deposits along the 
east coast of Jutland (Denmark). As per the other weapon types found in the deposits, the Havor 
lance has traditionally been considered a 'standardised' product. However, this assertion has 
only been investigated for Havor lances from Illerup in the form of histograms (Ilkjær, 1990a). 
Whilst most Havor lances are known from these major weapon deposits, other archaeological 
examples exist as single finds orgrave finds from 15 other sites (see Fig. 1), predominantly 
found outside Jutland: six from Norway, six from Sweden, two from Poland and one case from 
Denmark (Ilkjær, 1990a, p. 58). Ilkjær's (1990a, p. 328) seriation dating of different weapon 
types, dated by grave finds, along with a relative chronology of other European weapon finds, 
places the Havor lance in weapon groups 10 and 11, dating it to the second half of the period 
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C3 (Late Roman Iron Age) and into D1 (Early Germanic Iron Age/Migration Period), 
corresponding to 375–400 CE. 
 
Fig. 1. Distribution map of Havor lances found as single/grave finds and the locations of the major 
weapon deposits where the majority have been found, made using QGIS (QGIS Development Team, 
2016). 
 
Many of the personal ornaments (i.e. combs, strike-a-lights, brooches) found as part of the 
militaria in the weapon deposits are distinctly Scandinavian in origin (Hansen, 2003) and even 
some of the weapons themselves are considered 'Nordic types' (Hansen, 2003, p. 87; Ilkjær and 
Lønstrup, 1982, p. 63), providing an indication as to the origins of finds. 
2.2. Smithing technique and iron sources 
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As part of the broader research into the Havor lance, 13 specimens were available for 
metallographic analysis from two of the main sites (Nydam and Illerup), where their metal was 
chemically analysed along with their entrapped slag inclusions, and the microstructure studied. 
The results (Birch, 2018), reveal that the 13 lances studied were produced out of bloomery iron, 
hammered using the same spiral-form construction technique, however the metal (either 
phosphoric iron or steel) is representative of different sources of iron being utilised 
(conforming to three broad origin groups) likely deriving from Norway and Jutland itself. Thus, 
whilst the Havor lance appears outwardly standardised, and so does the smithing technique 
used for construction, different sources of iron were being used as the material for manufacture. 
2.3. Weapon workshops? 
Several of the Roman-manufactured swords found in the weapon deposits bear Latin 
inscriptions that have been interpreted as manufacturers' marks, and it has been suggested that 
the runic inscriptions found on spearheads are an imitation of this practice, to denote quality 
(Imer, 2010, pp. 53, 55). Three lances from Illerup of the same (Vennolum) type bear the exact 
same runic inscription 'wagnijo', which has been interpreted as a manufacturers' mark, either 
that of the weapon smith, the workshop or owner of the workshop, and the runic inscription 
supports the interpretation that they were produced in the Scandinavian area (Imer, 2010, pp. 
54–55). It has also been suggested that 'Wagnijo' may have been one of the leaders of the 
attacking forces (Ilkjær, 2000, p. 116), so one might interpret these inscriptions as ownership 
marks of war gear being dispensed from a centralised authority. 
Two other different runic inscriptions have been found on two other lance heads also 
interpreted as manufacturers' marks (Imer, 2010, pp. 56–61). Although none of the Havor 
lances bear any manufacturers' marks or inscriptions, their tight chronological span could be 
consistent with a single or small number of specialised workshops. 
3. Methods 
A total of 123 lances from Ejsbøl (n = 17), Nydam (n = 49) and Illerup (n = 57) were recorded 
using existing tabulated data or scaled figure plates (drawings and photographs) from published 
excavation reports (Bemmann and Bemmann, 1998a, pp. 180–181, 1998b, pp. 102–106, 
1998b, Figs. 103–107, Ilkjær, 1990a, pp. 53–59, 1990b, Figs. 13–21, Ørsnes, 1988, pp. 65–71, 
1988, Figs. 128 and 136). We acknowledge that imprecisions caused by the multiple hands and 
recording methods behind our data may have added some noise in our dataset, with the likely 
effect that variability as determined here is likely higher than real. At the same time, the use of 
published data was deemed the most economic approach, and one that could allow us to test 
the use of comparable data in other contexts. As an agenda for the future, the extent of this 
analytical error should be quantified e.g. by comparing the results on a sample of objects, each 
recorded by a variety of means. 
Eight specific measurements were recorded on each specimen, corresponding to the overall 
dimensions and distance of rivet-hafting of the Havor lance. Although socket 'diameters' were 
measured, they are referred to here as minimum and maximum socket 'thickness', as not all 
lance sockets were circular in shape. Rivet distance could only be measured in 55 lances; it 
was not possible to discern whether this feature was present on all lances due to the condition 
of the sockets or angle of recording visible from plate figures and drawings. The values showed 
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a very wide spread but we cannot be confident about the reliability of this data. Hence we report 
this data in Appendix 2 but we will not discuss this feature further. 
GMM analysis was conducted on 78 of lances considered 'complete' from Ejsbøl (n = 6), 
Nydam (n = 24) and Illerup (n = 48), where all features could be observed. Seven landmarks 
were selected for defining the Havor lance shape and for performing GMM analysis.. 
Landmarks are universal points “of correspondence on each object... matches between and 
within populations” (Stegmann and Gomez, 2002, p. 2). In order to compare lance shapes, all 
co-ordinates were superimposed using a General Procrustes Analysis (GPA); coordinates of all 
weapons are first translated (so that all share the same gravity center), scaled by size and then 
rotated in order to minimise the distance between homologous landmarks (Goodall, 1991; 





Fig. 2. Illustration of the Havor lance form and features highlighting the metric dimensions and 
geometric landmarks recorded. 
Lances were first digitised in 2 dimensions from drawings or photographs using 'geomorph 
2.1.1' (Adams and Otárola-Castillo, 2013). Subsequent GMM analysis was performed using 
the dedicated library packages 'geomorph 3.0.6′ and 'shapes 1.2.3' (Dryden, 2013) in the R 
environment (R Core Team, 2017) for statistical computing (version R 3.4.0 2017-04-21). A 
full annotated R script of the analyses can be found in Appendix A, all traditional metric data 
in Appendix B and all GMM co-ordinates in Appendix C. 
Metric data was investigated using descriptive methods. The CV was calculated for each 
measurement recorded for the lance overall and by site, followed by an examination of 
Pearson's product-moment correlation coefficients (Pearson's r) between lance features. In this 
paper Pearson's r is classified as being weak (0.1 ≤ r ≤ 0.5), strong (0.5 ≤ r ≤ 0.9) or very strong 
(0.9 ≤ r ≤ 1). 
GMM analysis started with a GPA for visual inspection and mean shape difference tested 
statistically using the Hotelling T2 statistic, the Goodall F test statistic and a Procrustes Analysis 
of Variance (ANOVA), which is equivalent to a permutational-MANOVA (Multivariate 
Analysis of Variance). 
The Hotelling T2 statistic is used to test the (multivariate) means of different populations, in 
what is essentially a multivariate form of a (univariate) Student's t-test for testing two samples. 
Any p-value obtained lower than our significance level (α = 0.05) would force the null 
hypothesis (no significant difference in lance shape) to be rejected. As only two samples are 
compared, the Hotelling T2 statistic is obtained for the pair-wise combinations between the 
three sites studied. The Goodall F test is used to test mean shape difference between two 
samples based on the variation within each sample. This is different to the Hotelling T2 statistic, 
which is based on multivariate means. In order to determine whether there is a real difference 
in mean shape based on the factor variable 'sites', a Procrustes ANOVA was performed on the 
GPA of the 77 Havor lances. This allows for all three groups to be compared simultaneously 
based on their variance, providing a more powerful and apt means of testing mean shape. The 
null hypothesis is that all group means (shape) are equal. 
The F statistic reported via these techniques is presented in the following format: 
F[df,t] = [result] where df = degrees of freedom and t = total number analysed and result = F 
statistic obtained. The p-values reported refer to the significance level obtained. The null 
hypothesis is that there is no significant difference in mean shape between Ejsbøl, Nydam and 
Illerup (α = 0.05). GMM data was subjected to further multivariate analyses and investigation 
of object symmetry, which was performed using 'geomorph 3.0.6'. The multivariate methods 
performed on both traditional metric and GMM data were hierarchical cluster analysis (HCA) 
and principle components analysis (PCA). The robust statistical approach adopted here justifies 
using multiple statistical methods to assess broadly for similar outcomes. 
4. Results: metric analysis 
The CVs calculated of the 8 measurements recorded from 123 Havor lances are indicative of a 
relatively high degree of dimensional standardisation (Table 1). CVs are relatively lower for 
‘width’ measurements such as blade width, blade thickness and socket thickness (CV ≈ 14–
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16%) compared to length (CV ≈ 20–24%). This could indicate that uniform length was either 
less important or harder to achieve, although it is possible that the higher variability may at 
least in part be due to larger errors in recording and measurement by modern researchers. Fig. 
3 shows that greater CV values are generally associated with larger dimensions. It also shows 
the relatively highly standardised nature of the Havor lance, by comparing CV values to those 





Table 1. Summary data of lance metric measurements (in mm) and coefficients of variation (in %), 
showing the number of samples analysed (n = ). 
Dimension Ejsbøl Nydam Illerup Overall 
Total length 
Mean (mm) 224.8 ±38.0 221.4 ±48.5 199.1 ±34.6 208.0 ±40.6 
CV (%) 16.9  21.9  17.4  19.5  
n =  6  24  48  78  
Blade length 
Mean (mm) 189.0 ±34.2 178.3 ±46.0 159.1 ±32.9 167.7 ±38.9 
CV (%) 18.1  25.8  20.7  23.2  
n =  6  30  51  87  
Blade width 
Mean (mm) 13.6 ±2.0 12.9 ±1.9 12.0 ±1.8 13.0 ±1.9 
CV (%) 14.4  14.5  14.0  14.3  
n =  16  48  57  121  
Blade thickness 
Mean (mm) 9.1 ±1.3 9.9 ±1.2 9.8 ±1.3 9.7 ±1.3 
CV (%) 14.8  12.5  13.6  13.5  
n =  16  43  57  116  
Socket length 
Mean (mm) 32.8 ±9.2 40.2 ±11.5 39.3 ±7.2 38.7 ±9.3 
CV (%) 28.2  28.5  18.4  24.1  
n =  13  31  50  94  
Socket thickness (max) 
Mean (mm) 16.6 ±2.7 17.0 ±2.4 17.9 ±1.5 17.3 ±2.1 
CV (%) 16.0  13.9  8.3  12.2  
n =  12  44  33  89  
Socket thickness (min) 
Mean (mm) 12 ≈ .5 ±2.0 12.2 ±1.9 10.9 ±1.6 11.6 ±1.9 
CV (%) 15.8  15.4  15.1  16.4  
n =  15  42  54  111  
 
 





Fig. 3. Havor lance standardisation (CV%) shown in relation to other standardised/non-standardised 
archaeological examples, marking the range (Weber Fraction-Random production) of standardisation. 
Not visible in Table 1 are the distributions of all measurements recorded, presented in Fig. 4 in 
the form of histograms with probability curves (kernel density estimation). Although the 
histograms reveal a largely normal distribution and confirm the Havor lance to be largely 
standardised in dimensions and likely imitating a single model, some of the lengthwise 
proportions (total length, blade length, socket length) show outliers, which are discussed in 
more detail later. The uniformity in dimensions of the Havor lance is further emphasised by 
comparing sites directly, especially in the distribution of width proportions, such as the blade 
width (Fig. 5), minimum socket thickness (Fig. 6) and maximum socket thickness (Fig. 7). Not 
only are the normal distributions overlapping and means comparable, but the low CVs reported 





Fig. 4. Histograms of the 8 Havor lance dimensions recorded on 123 lances, showing the mean (mm), 





Fig. 5. Histogram of blade width measurements recorded from each site, showing the mean (mm), CV 





Fig. 6. Histogram of minimum socket thickness measurements recorded from each site, showing the 





Fig. 7. Histogram of maximum socket thickness measurements recorded from each site, showing the 
mean (mm), CV (%) and kernel density estimation (Prob.). 
As per previous studies, investigating CV only allows for a discussion of certain features or 
dimensions in isolation. This can be improved by studying two-way pair combinations of 
measurements in the form of a correlation matrix, shown in Fig. 8, where Pearson's r values 
are accompanied by bivariate scatterplots of raw data and histograms of the distributions (with 
kernel density estimate curves). Pearson's r are strong for width dimensions (blade width and 
both socket thicknesses), whilst the weakest coefficients were obtained for the socket region of 
the lance. The correlation matrix clearly demonstrates many of the lance features to be related, 
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with an obvious linear relationship between blade length and total length (linear regression 
score = 0.94). 
 
Fig. 8. Correlation matrix of Havor lance dimensions showing Pearson's r (lower panel), accompanying 
bivariate plots (upper panel) and distributions (histograms with kernel density estimation, on the 
diagonal). All pairwise observations were analysed from the original dataset. Red = Ejsbøl, green = 
Nydam, blue = Illerup. (For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.) 
5. Results: GMM analysis 
The GPA of all complete lance head shapes and landmarks recorded (superimposed) are shown 
in relation to the overall mean shape in Fig. 9, and the GPA of lances for each site can be seen 
in Fig. 10. The impression of uniformity in Havor lance shape can be visualised, as individual 
lances show great conformity to the mean shape. The two main differences are in the socket 
region and the point, where variation in the relative position of landmarks can be observed. 
This corresponds with the x co-ordinate value of landmarks, being the length-axis of the lance 
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shape. Conversely, landmarks show very little deviation along the width axis (y co-ordinate 
value), showing good agreement with the results from metric analysis. 
 
Fig. 9. GPA superimposition of complete Havor lances illustrated with the mean shape estimate, plotted 
alongside all landmarks recorded. 
 
Fig. 10. GPA superimposition of complete Havor lances from each site. 
When sites are compared directly, the GPA superimposition of Havor lance shapes allows for 
a clearer identification of areas of disparity, notably the socket area and elongation of the point 
(pronounced in the case of Nydam). The side-by-side comparison also contrasts the distinct 
lack of curvature in some of the Nydam lances (potential outliers) with the 'classic' Havor lance 
shape, which shows the re-curve at the 'neck', clearly visible in Ejsbøl and Illerup. The 
differences apparently displayed in the Nydam assemblage correspond with a discrete 
population of lances from this site with larger metric values, confirmed in the following 
sections. 
5.1. Testing mean shape: Hotelling T2 statistic, Goodall F test and Procrustes 
ANOVA 
The differences observed in Havor lance shape thus far are purely descriptive and must be 
accompanied by a statistical comparison of mean shape difference. Prior to doing so, it is 
necessary to establish whether there is a significant relationship between centroid size and 
shape, by monitoring the allometric shape variation. There was found to be an association 
between overall centroid size and shape (F1,77 = 5.3, p = 0.015), however this could not be 
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explained through site difference (F2,77 = 0.3, p = 0.080) (see the R script for further 
information). 
Two of the three Hotelling T2 test results proved not significant. The mean shape difference 
between Ejsbøl and Nydam (F2,27 = 3.6, p = 0.099) is insignificant, and so is the difference 
between Illerup and Nydam (F2,69 = 0.7, p = 0.739). The Hotelling T
2 statistic was significant 
for Ejsbøl and Illerup (F2,49 = 5.7, p < 0.004). As only one of the three site combinations yielded 
a significant difference in multivariate means, a second different statistical test was conducted. 
The Goodall F test confirmed once more that there is no significant difference in shape between 
Ejsbøl and Nydam lances (F2,27 = 0.084, p = 0.806), as well as Illerup and Nydam lances 
(F2,69 = 0.829, p = 0.490). Unlike the Hotelling T
2 statistic, the Goodall F test also confirmed 
that there is no significant difference in mean shape between Ejsbøl and Illerup (F2,49 = 0.752, 
p = 0.430), indicating that the small sample size of Ejsbøl may be responsible for the differing 
results. 
Two-way significant testing for mean shape difference has confirmed there to be no significant 
difference (in terms of multivariate means and internal variation) between Ejsbøl and Nydam, 
and Illerup and Nydam, with conflicting results for the Ejsbøl/Illerup comparison. The result 
of the Procrustes ANOVA was insignificant (F2,77 = 0.592, p = 0.7). Therefore, we accept our 
null hypothesis that there is no significant difference in mean shape between Ejsbøl, Nydam 
and Illerup. 
6. Multivariate analysis: a comparison of metric and 
geometric morphometric data 
Multivariate statistical analysis was conducted on both metric and GMM (GPA aligned co-
ordinates) datasets. The results are compared here, with the aim of evaluating the usefulness of 
each data type as a means for investigating variation (and thus standardisation) using 
multivariate methods. The multivariate investigation also permits a visualisation of any 
variation in a reduced number of dimensions. 
6.1. Hierarchical cluster analysis (HCA) 
HCA of both datasets provides strikingly similar results, with the metric data presented in Fig. 
11, and the GMM data shown in Fig. 12 (the different HCA scales arise from the different 
datasets being used). Both HCA dendrograms reveal two main groups. The first cluster, defined 
by a distinctively high breakage in each dendrogram, consists of six lances from Nydam 
(though Fig. 11 also includes one lance from Illerup). These six lances are identified as 'Group 
2′ in the embedded PCA diagrams shown in Fig. 11, Fig. 12, which are miniaturised versions 




















Fig. 14. PCA biplot of lance shapes (GPA aligned co-ordinates) showing warpgrids of most extreme cases 
along PC1 (indicated by arrows, where the left warpgrid relates to the most negative outlier along PC1, 
and right warpgrid to the most positive outlier along PC1). 
 
The breakages for the second and third branches in both HCA dendrograms are not much lower, 
indicating that any difference to the first cluster is slight. None of the remaining clusters 
correspond with site, indicating that lances are indistinguishable (in terms of site affiliation) 
based on their metric dimensions or shape. The only difference that can be found is in the sub-
group of six Nydam lances identified. 
6.2. Principal component analysis (PCA) 
The quality of the PCA results obtained from using GMM (GPA aligned) co-ordinates is a 
significant improvement on the PCA results obtained by metric data alone. The PCA biplot of 
metric data (Fig. 13) of the first two principal components explains 70% of the total variation, 
which might be considered unsatisfactory by many statisticians. The PCA of metric data shows 
no correspondence between lances and any particular feature(s) or dimension(s) based on site 
grouping. It could be argued that the total variation explained by the first two components is 
low due to insufficient differences between Havor lances from different sites; it indirectly 
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attests to the highly standardised nature of the Havor lance. The six extreme cases observed in 
Fig. 13 correspond to the sub-group of Nydam lances identified in the previous HCA. 
The PCA of GMM data (Fig. 14), however, explains an impressive 98% of the total variation, 
marking for a great improvement on the previous PCA of metric data. The loading vectors 
scatter evenly around zero. The seven landmarks used equate to 14 variables (where the x and 
y co-ordinate values are separated). The PCA clearly confirms that the variation is explained 
by the x co-ordinate values of the point (Px), socket (S1x, S2x) and width (W1x, W2x), which 
all refer to the slenderness of the Havor lance shape. Almost none of the observed variation is 
explained by the width-axis (PC2 = 6.3%). As per the previous PCA, the six most extreme cases 
shown along PC1 all correspond to the sub-group of six Nydam lances previously identified. 
Fig. 14 is accompanied by two warpgrids. The two warpgrids reference the two most extreme 
cases (negative and positive) on PC1 against the mean shape, resulting in a distortion (or 
'warping') of the relative landmark positions. The warpgrids serve to emphasise visually the 
shape variation observed, which in this case is due to the length-wise landmark positions (x co-
ordinate values), the slenderness of the shape. The warpgrids show no distortion along the 
width-axis of the extreme cases (against mean shape). 
The results from the PCA analyses highlight that GMM data is more useful than metric data 
for discriminating differences. The six Nydam outliers more or less cluster together in the PCA 
of metric data (Fig. 13), however in the PCA of GMM data (Fig. 14) they form two separate 
groups reflecting the most extreme shape differences (slender versus chubby) as illustrated by 
the warpgrids. 
7. Directional and fluctuating asymmetry of the Havor 
lance shape 
Variation in symmetry of the Havor lance shape is further explored here as an additional means 
of assessing standardisation. It is assumed that this parameter may have been key to the 
performance of the weapons. The Havor lance exhibits bilateral symmetry, where both sides 
of the lance are mirror images of each other, or reflections, with the axis of symmetry bisecting 
the median plane shape longitudinally (from point to socket). This is known more specifically 
as 'object symmetry', where the mirror line runs through the structure of the object 
(Klingenberg, 2015, p. 848); for a more detailed overview of symmetry and measures of 
asymmetry that go beyond the scope of this paper, see Klingenberg (2015). 
For object symmetry, it is important to be aware of the potential measurement errors when 
collecting two-dimensional data from three-dimensional objects, where camera alignment or 
perspective may influence results. It is also important to appreciate that only shape (not size) 
is investigated for object symmetry, as both sides are interdependent and differences are an 
“aspect of the shape of the whole structure” (Klingenberg, 2015, p. 849). 
Asymmetry represents the deviation from symmetry, and so object symmetry is investigated 
here via directional asymmetry (DA) and fluctuating asymmetry (FA). “Directional asymmetry 
can be quantified by the difference between the left and right averages”, where there is a 
“tendency” or “systematic difference” between the left and right sides (Klingenberg, 2015, pp. 
851–852). FA represents the small differences between an individual and the 'target phenotype', 
the random or residual differences between left and right sides (Klingenberg, 2015, p. 852). 
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Therefore the differences between the left and right sides provide a measure of asymmetry; for 
pure fluctuating asymmetry, left and right mirror images should follow a normal distribution 
with a mean difference of zero (Klingenberg, 2015, p. 850). It is possible that any asymmetry 
discerned may be caused by taphonomic processes, however it is not possible to investigate 
this issue further. 
As no significant difference was found in Havor lance shape between archaeological sites, all 
lance shapes were analysed collectively to assess the bilateral symmetry of the overall Havor 
lance shape. A GPA with bilateral symmetry analysis (BSA) was conducted using the dedicated 
'bilat.symmetry' function in the library package geomorph (version 3.0.1); the function 
performs an analysis of DA and FA for shapes with bilateral symmetry. As stated in the 
package manual (date 2016-07-18) for geomorph for the bilat.symmetry function, “the shape 
variation is decomposed into variation among individuals, variation among sides (directional 
asymmetry) and variation due to an individual × side interaction (fluctuating symmetry). These 
components are then statistically evaluated using a Procustes ANOVA.” 
The GPA ANOVA was performed to analyse the variability in DA and FA for Havor lance 
shape and the results are shown in Table 2. Although significant variation was found between 
individuals symmetric components (p < 0.05), no significant difference was found between left 
and right sides of the Havor lance (p > 0.05), as is visually exhibited by the lack of deformation 
in the warp grids for DA and FA shown in Fig. 15. 
Table 2. ANOVA for and analysis of Havor lance shape symmetry (n = 77) on the basis of 7 landmarks 
(three pairs, one on the median plane). Individual effect ('ind') represents variation between individual 
lances (symmetric component), 'side' represents DA (differences between original and mirrored copy for 
each lance). 
 Df SS MS Rsq F Z Pr(>F) 
ind 77 1.55153 0.0201498 0.99820 577.3822 23.2156 0.001 
side 1 0.00011 0.0001059 0.00007 3.0349 1.3652 0.063 
Residuals 77 0.00269 0.0000349 0.00173 – – – 




Fig. 15. Symmetric component (top left) and asymmetric component (top right) of Havor lance shape, 
accompanied by warpgrids of mean directional asymmetry (bottom left) and mean fluctuating 
asymmetry (bottom right). 
The asymmetric shape data was further processed to obtain a scalar measure of symmetrical 
difference, which could be used to calculate a CV for symmetry and thus allow comparative 
studies of symmetry between different objects. For each of the three landmark pairs (landmarks 
1 and 7, 2 and 6, 3 and 5), the asymmetrical co-ordinates were compared and their relative 
differences calculated. As each co-ordinate comprises of an x and y value, two results are 
obtained for each pair compared. The following calculation was used to compare the difference 
between x values for a landmark pair, subsequently repeated to calculate the difference between 
y values: 
Where a represents the value of the first co-ordinate and b the value of the second co-ordinate. 
The difference between a and b is essentially expressed as a fraction of the mean co-ordinate 
(the mean of a + b). The result is the relative difference (%) between co-ordinate values. The 
differences in x and y values for each of the three co-ordinate pairs are given in Table 3. The 
median plane bisects the Havor lance through the point (landmark 4) longitudinally, passing 
through down to the socket (between landmarks 1 and 7). As such, it is the difference between 




Table 3. Summary table of the relative difference (%) between x and y values for each landmark pair, 




Landmarks 1 and 7 
Neck 
Landmarks 2 and 6 
Width 
Landmarks 3 and 5 
x y x y x y 
Median (%) 0.18 3.98 0.53 3.75 0.73 5.44 
Mean (%) 0.21 4.81 0.64 5.41 1.48 7.47 
StDev 0.18 4.63 0.54 5.36 2.86 6.22 
The difference in x values for each of the three pairs is negligible, as this simply represents the 
position of the point being measured in the reflection. The standard deviation of relative 
difference in y values for the socket and neck are around between 4 and 5%, whilst these 
differences are slightly higher for the width, at 7%. In real terms, this translates to a maximum 
relative difference of 1 mm for the average width (13 mm). These small differences may be 
attributed largely to copy-errors, and denote the high skill of the smiths who made the Havor 
lances as symmetrical objects. Overall, the asymmetric differences shown here, expressed as 
relative difference in co-ordinate values for landmark pairs, may be a useful tool for providing 
a scalar measure of symmetry. 
8. Discussion 
The results presented in this paper confirm that shape can and should be used as a new avenue 
by which to investigate artefact standardisation. In the following paragraphs we outline some 
of the implications of our findings for the understanding of the Havor lance, and explore more 
generally the potentials and limitations of our approach. 
8.1. The 'Havor' lance: a standardised product 
This study has provided an empirical basis for our understanding of the Havor lance as a 
standardised product, both in dimensions and in shape. By and large, there are no significant 
differences within or between sites, confirming the inference of the lance as a highly 
standardised weapon. Considering that all of these weapons are assigned to a chronological 
range spanning 25 years only (375–400 CE), and the results of metallographic analyses 
indicating similar construction methods (Birch, 2018), it may be suggested that a single 
workshop, or a small number of them, produced all or the majority of the Havor lances 
recovered. It is interesting to note, however, that the metallographic study points to a range of 
different metal sources, potentially highlighting meaningful differences between the geological 
and manufacturing provenance of these items. The standardisation is all the more remarkable 
when we consider that these weapons would have been made manually, by hot forging 
bloomery iron of different composition and hardness on an anvil. Bearing in mind that each of 
these represents an individual production event, cumulative copy-errors could have led to much 
larger degrees of variability, even in a short period of time. The fact that these are not 
documented suggests that only one, or very few, lances, were used as models for subsequent 
generations. Only a subgroup of six Nydam lances, accounting for the extreme outliers, 
displayed significant variation from the mean dimensions and shape. These might therefore 
constitute imitations from a different workshop. As this study was based on lances from the 
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main deposits in Jutland, it will be interesting in the future to compare these results to those 
from lances found in graves outside this area. 
8.2. Limitations of the metric approach 
The results from metric analysis have been effective in depicting a highly standardised weapon. 
The study of CV, although insightful, limits the focus to any single feature at one time. CVs 
can be compared, though this remains to be a comparison of individual parts. In any case, as 
argued above, the metric approach to measuring standardisation may not be appropriate for 
analysing artefacts from a pre-industrial context, where standardisation might have been 
perceived differently. 
The metric approach has been developed here to include two-way variable interactions, 
studying Pearson r as a means to avoiding studying any single variable in isolation. Although 
correlations can be defined, and thus related elements of a standardised schema identified, the 
approach remains limited to discussing a pair of variables at any one time. Even if all 
dimensions recorded are studied collectively using multivariate methods, a conceptual flaw 
still remains. That main flaw is that the dimensions recorded are essentially arbitrary and 
reflective of researcher choice, and may not be congruent with those relevant to the original 
producer or intended consumer. 
8.3. Comparison of metric and GMM data for multivariate statistical analysis 
Both datasets highlight the importance of the width dimensions in relation to the lengthwise 
axis of the Havor lance, and both datasets confirm that little distinction can be made between 
Havor lances based on site affiliation. The total variation explained in PCA by GMM data 
(98%) is a significant improvement on that by using metric data (70%), confirming that shape 
is a valid means of investigating and describing weapon standardisation. The implementation 
of warpgrids also provides a visual means of describing any variation observed in relation to 
the mean shape. As has been noted, the PCA biplot arising from the GMM data discriminates 
two groups within the Nydam outliers, which were otherwise clustered together in the PCA 
biplot using metric data. 
8.4. Advantages of GMM analysis 
The advantage of shape analysis is that the total appearance as a whole is considered, rather 
than artificially promoting any particular feature(s) or dimension(s) as a defining characteristic 
of standardisation. Testing mean shape difference can be undertaken by studying multivariate 
means, variation within groups, or variation between groups. Thus, two-way statistical testing 
of mean shape difference by multiple methods (Hotelling T2 statistic, Goodall F test and 
Procrustes ANOVA) ensures that all results and derived conclusions are robust. GMM analysis 
also allows for asymmetry to be quantified and analysed for variance. It is realised, however, 
that only three groups (archaeological sites) were specified in this study, and thus extrapolating 
such tests to larger group sizes may require further modifications (or different use) of statistical 
methods. The multi-faceted statistical approach was only made possible through the collection 
and analysis of GMM data, regarded as a methodological improvement on the collection and 
analysis of metric data. 
It should be recognised that the metric dimensions and GMM landmarks recorded in this study 
reflect individual preferences and opportunistic approaches to the data available. In particular, 
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future work may also consider the adoption of 3D recording, as well as the use of landmark-
free comparisons of shape, whether 2D or 3D (cf. Bevan et al., 2014). The allometric 
relationship identified in this analysis would also be worthy of further investigation. These will 
no doubt provide more comprehensive assessments of variation in size and shape, though an 
explicit cost-benefit analysis may be appropriate. 
8.5. Weapon symmetry 
Using the GMM data, it was possible to demonstrate that there was no significant difference 
overall in Havor lance shape symmetry, confirming both reflected sides to be the same. Further 
inspection of the asymmetrical GMM data made it possible to closely examine differences 
between landmark co-ordinate pairs, which should be zero for a perfectly symmetrical shape. 
The mean and median differences border on the line of human copy error and thus confirm that 
symmetry was deliberately intended for the Havor lance shape. It is expected that the 
approaches employed here to quantify and compare artefact symmetry may be of use in other 
fields – for example in lithic analysis, where symmetry often constitutes a subject of interest. 
9. Conclusion: advocating 'shape' analysis as a standard 
tool for monitoring weapon standardisation 
The case study presented here employed shape analysis and compared it to traditional metric 
approaches. The limitations of the traditional metric approach have been highlighted and the 
advantages of GMM analysis described. Shape analysis has been demonstrated to be an 
effective tool for investigating variation, used indirectly as a measure for object 
standardisation. GMM analysis has improved greatly on metric methods by yielding robust and 
improved results for identifying and statistically assessing standardisation of the total 
appearance and not any one part. The analysis of mean shape difference can thus identify and 
empirically demonstrate products to be highly standardised in terms of their shape variation, 
as has been demonstrated here for the Havor lance, as well as allowing comparisons between 
and within sites. The results from this study advocate that shape analysis should become a 
standard tool of investigation that complements traditional metric analysis and studies of 
variance as a means to investigating and understanding weapon standardisation using statistical 
methods. 
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